In patients with significant functional tricuspid regurgitation, timely detection of right ventricular (RV) dysfunction with conventional 2-dimensional echocardiography is challenging, whereas speckle-tracking echocardiography RV free wall longitudinal strain has been proposed as better prognosticator. We evaluated the prevalence and prognostic value of impaired RV free wall longitudinal strain in patients with significant functional tricuspid regurgitation, in comparison with tricuspid annular plane systolic excursion (TAPSE) and fractional area change (FAC).
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C
hronic severe tricuspid regurgitation (TR) imposes a volume overload of the right ventricle (RV) that may lead to RV dilation and dysfunction and poor prognosis. 1 In addition, RV dilation and dysfunction beget more TR resulting in a self-perpetuating circle. The presence of severe RV dysfunction in patients with symptomatic severe TR is an important determinant of the operative risk. 2, 3 How to measure RV systolic function in patients with severe TR remains challenging. The accuracy of 2-dimensional echocardiography is limited by the crescent shape of the RV, and only RV fractional area change (FAC) and not ejection fraction (EF) can be measured. The measurement of the tricuspid annulus plane excursion (TAPSE) in the lateral part of the tricuspid annulus extrapolates the shortening of the entire RV wall. Threedimensional imaging techniques such as cardiovascular magnetic resonance or transthoracic echocardiography are considered the reference standard to quantify RV dimensions and systolic function because they do not rely on geometric assumptions and can measure RVEF. However, RVEF reflects the change in volume without taking into account the direction of the flow. Therefore, patients with severe TR can have normal RVEF by emptying in a low-pressure chamber (the right atrium). In addition, the presence of pacemaker leads impairs the image quality of cardiovascular magnetic resonance imaging, whereas 3-dimensional echocardiography is influenced by the quality of the acoustic window.
Speckle-tracking echocardiography (STE) permits assessment of RV systolic function by evaluating active shortening of the myocardium and does not rely on geometric assumptions (as FAC) or extrapolate the shortening from one single point to the entire ventricle (as TAPSE). RV free wall longitudinal strain has been associated with all-cause mortality in patients with pulmonary hypertension. [4] [5] [6] However, the prognostic implications of RV free wall longitudinal strain in patients with severe TR have not been evaluated and compared with other measures of RV systolic function. Accordingly, the aim of this study was to analyze the prevalence and prognostic implications of RV dysfunction as detected by STE in a large group of patients with significant TR, compared with conventional echocardiographic indices.
METHODS
Study Design and Patients
From the departmental echocardiographic database of the Leiden University Medical Center (Leiden, The Netherlands), patients with significant (moderate and severe) functional TR were selected based on echocardiograms performed between June 2000 and September 2016. Patients aged ≤18 years, patients with organic TR, prior tricuspid surgery (replacement or repair), active endocarditis, and those with known congenital heart disease with involvement of the tricuspid valve were excluded (Figure 1 ). Demographics and clinical data were collected at the time of diagnosis of significant TR. Clinical variables included cardiovascular risk factors, total cholesterol levels, hemoglobin level, liver function, and glomerular filtration rate calculated by the Modification of Diet in Renal Disease formula. 7 Body surface area was calculated with the Mosteller method. 8 Data were collected from the departmental Cardiology Information System (EPD-Vision; Leiden University Medical Centre, Leiden, the Netherlands) and analyzed retrospectively. The echocardiographic data were retrieved and reanalyzed including conventional and advanced (speckle-tracking analysis) echocardiographic parameters of RV systolic function. The association between various echocardiographic parameters of RV systolic function and long-term outcome was assessed. The institutional review board of the Leiden University Medical Centre approved this retrospective analysis of clinically acquired data and waived the need for patient written informed consent. The study data and analytic methods will be made available to other researchers after specific request to the last author.
Echocardiography
The transthoracic echocardiograms were performed at rest with commercially available ultrasound systems (System 5, Vivid 7 and E9 systems; GE-Vingmed, Horten, Norway), and images were digitally stored for offline analysis (EchoPAC version 113.0.3; GE-Vingmed, Horten, Norway). Data acquisition was performed systematically according to the institutional clinical protocols. The original, digitized echocardiographic data were prospectively reanalyzed by 2 of the authors (E.A.P. and P.v.d.B). Therefore, the present study does not simply
CLINICAL PERSPECTIVE
Right ventricular (RV) dysfunction in the presence of functional tricuspid regurgitation leads to worse outcome and is a criterion for surgical intervention in current guidelines. However, conventional parameters of RV dysfunction such as tricuspid annular plane systolic excursion and fractional area change derived from 2-dimensional transthoracic echocardiography rely on geometric assumptions and are load and angle dependent. Our findings showed the incremental value of speckle-tracking longitudinal strain of the RV free wall for early detection of RV dysfunction in 896 patients with significant functional tricuspid regurgitation, compared with tricuspid annular plane systolic excursion and fractional area change: impaired RV free wall longitudinal strain identified higher rates of RV dysfunction and was independently associated with poor outcome. As novel percutaneous strategies for the treatment of tricuspid regurgitation are currently gaining greater momentum, timely detection of RV systolic dysfunction in patients with significant functional tricuspid regurgitation will become more important in the near future.
concern tabulation of descriptive data included in the clinical reports. Parasternal, apical, and subcostal views were used to acquire 2-dimensional, color, pulsed, and continuous-wave Doppler data according to current recommendations. 9, 10 From the apical 2-and 4-chamber views, left ventricular (LV) EF was quantified using the Simpson biplane method and expressed as percentage. 9 The LV mass was calculated from the 2-dimensional linear measurements obtained on the parasternal LV long-axis view as recommended. 9 Integrative assessment of TR severity was performed through a multiparametric approach (including jet size, jet eccentricity, and vena contracta) as recommended by recent guidelines. 10 Tricuspid valve tenting height and area were measured at mid-systole. RV systolic pressure was derived from the peak TR velocity jet using the modified Bernoulli equation.
11 Concomitant leftsided valvular heart disease and LV diastolic dysfunction were assessed according to the current recommendations. 10, 12, 13 RV dimensions (including basal, mid-cavity, and longitudinal diameters) were measured according to the current guidelines. 9 Dimensions of the tricuspid annulus were measured at end-diastole on an RV-focused 4-chamber view, and RV dilatation was defined by an annular end-diastolic diameter of >21 mm/m 2 (or >35 mm). 13 End-diastolic RV sphericity index was calculated as RV mid-diameter divided by the RV longitudinal diameter.
14 For comprehensive assessment of RV systolic function, RV end-systolic and end-diastolic areas were traced in a focused RV apical view and RV FAC was calculated by the following formula: FAC=([diastolic area−systolic area]/diastolic area)×100%. 9 TAPSE was calculated on M-mode recordings of the lateral tricuspid annulus in an RV-focused apical view. 9 RV systolic dysfunction was defined as FAC <35% or TAPSE <17 mm, according to the recent guidelines. 9 From the RV-focused apical view (>60 frames/s), systolic 2-dimensional longitudinal strain was measured as previously described, 9 using commercially available software (Q-Analysis package, EchoPAC version 113.0.3; GE-Vingmed, Horten, Norway). RV free wall longitudinal strain measurements were performed by an experienced observer (E.A.P.). In brief, the RV was divided into 6 segments (basal, mid, and apical segments of the RV free wall and septum). After manual tracing of the RV endocardial border at an end-systolic frame, a region of interest was automatically generated with further manual adjustment of width and position of the region of interest to include the RV wall thickness. RV free wall longitudinal strain was calculated as the mean of the RV lateral basal, mid, and apical segments, with exclusion of the septal segments as previously described. 15, 16 Impaired RV free wall longitudinal strain was defined as >−23%, as recently proposed.
15 Figure 2 shows an example of the various measures of RV systolic function.
Follow-Up
Patients were followed up from the time of the echocardiogram diagnosing significant functional TR. All-cause mortality data were collected from the departmental cardiology information system and were completed for all patients. Furthermore, the occurrence and timing of tricuspid valve surgery after the index echocardiography was recorded.
Statistical Analysis
After testing for gaussian distribution using the KolmogorovSmirnov test, all continuous normally distributed variables were presented as mean±SD, whereas nongaussian distributed continuous variables were presented as median and interquartile range. Comparisons of normally and non-normally distributed continuous variables were performed using the unpaired Student t test and Mann-Whitney U test, respectively. Categorical variables were presented as percentages and were compared using χ 2 test. To test the intraobserver and interobserver variability of RV free wall longitudinal strain measurements, analysis of 20 randomly selected studies was repeated by an experienced observer (E.A.P.) at 2 different time points and performed for the first time by another observer (M.D.). Both readers were blinded to the results of the first analysis. The intraclass correlation coefficients for intraobserver variability and interobserver variability of RV free wall longitudinal strain measurements were 0.956 and 0.931, respectively, showing excellent agreement.
The influence of RV systolic dysfunction on all-cause mortality after diagnosis of significant TR was assessed. Estimation and comparison of the cumulative event rates were performed by the Kaplan-Meier method and log-rank test, respectively. The independent association of RV systolic function and of all-cause mortality was assessed with Cox proportional hazards regression analysis. The hazard ratios and 95% CIs were obtained. In addition, subsequent tricuspid valve surgery during follow-up was treated as a time-dependent covariate in the model. A tolerance level of >0.5 was set to avoid multicollinearity between the univariate determinants.
17 A 2-tailed P value of <0.05 was considered significant. All statistical analyses were performed using SPSS for Windows version 23 (SPSS Inc; Armonk, NY: IBM Corp).
RESULTS
Baseline Characteristics of the Patients
A total of 896 patients (51.3% men) with a median age of 71 years (interquartile range, 62-78 years) were included in this study. The majority of the patients (n=716, 79.9%) showed moderate TR. Figure 3 shows the distribution of impaired RV function in the population according to the conventional (RV FAC and TAPSE) and advanced measures (RV free wall longitudinal strain). Overall, RV free wall longitudinal strain identified the highest percentage of abnormal RV function (84.9%), in comparison to RV FAC (48.5%) and TAPSE (71.7%).
Prognostic Impact of RV Dysfunction
During a median follow-up of 2.8 years (interquartile range, 1.3-5.4 years) after the index echocardiogram with moderate or severe TR, 443 patients (49.4%) died. Tricuspid valve surgery during follow-up was performed in 53 patients. Table 1 shows the patient characteristics according to the survival. Nonsurvivors were older and presented with more severe symptoms when compared with survivors. Furthermore, deceased patients more frequently had concomitant renal dysfunction, coronary artery disease, lung disease, and history of malignancy and demonstrated a higher intake of diuretics and aldosterone inhibitors. On biochemistry, nonsurvivors had worse parameters of kidney and liver dysfunction. Furthermore, on echocardiography (Table 2) , nonsurvivors had worse LVEF, higher RV systolic pressures, more RV and right atrial dilation and signs of RV systolic dysfunction compared with their counterparts. The prevalence of significant left-sided valvular disease was similar between survivors and nonsurvivors.
To compare the impact of the different measures of RV systolic function on survival, the population was dichotomized according to their respective cutoff values defining RV dysfunction (RV FAC <35%, TAPSE <17 mm, RV free wall longitudinal strain >−23%). For all measures of RV function, patients showing RV systolic dysfunction had significantly worse survival rates (Figure 4) . Furthermore, a subanalysis was performed including patients with normal TAPSE, normal FAC, and normal RV free wall longitudinal strain (n=63) versus normal TAPSE, normal FAC, and impaired RV free wall longitudinal strain (n=125). The Kaplan-Meier survival curve between these 2 groups demonstrated worse survival in patients with impaired RV free wall longitudinal strain compared with those with preserved RV free wall longitudinal strain (Figure in the Data Supplement). On univariable Cox regression analysis, older age, diabetes mellitus, history of coronary artery disease, worse kidney function, higher New York Heart Association class, lower LVEF, higher RV systolic pressures, and presence of significant left-sided valvular disease were significantly associated with all-cause mortality (Table in the Data Supplement). Different multivariable models with each parameter of RV function were constructed including significant clinical, biochemical, and echocardiographic univariables (Table 3 ). More impaired RV free wall longitudinal strain was independently associated with the highest risk of all-cause mortality (hazard ratio, 1.029; 95% CI, 1.010-1.049; P=0.003), in contrast to decreased RV FAC (hazard ratio, 0.997; 95% CI, 0.977-1.117; P=0.115), or reduced TAPSE (hazard ratio, 0.988; 95% CI, 0.953-1.016; P=0.396). Furthermore, on top of the baseline model, RV free wall longitudinal strain yielded the greatest increase in χ 2 compared with conventional echocardiographic markers ( Figure 5) . Furthermore, addition of RV free wall longitudinal strain demonstrated incremental prognostic value over RV TAPSE and FAC ( Figure 5 ).
DISCUSSION
In patients with significant functional TR, assessment of RV free wall longitudinal strain by STE identifies a higher frequency of RV systolic dysfunction than conventional echocardiographic parameters. RV dysfunction was associated with worse outcome in patients with significant TR independently of various clinical, echocardiographic, and biochemical variables. Moreover, RV free wall longitudinal strain has incremental prognostic value over conventional echocardiographic indices.
Assessment of the Prevalence of RV Dysfunction in Severe Functional TR
Development of RV remodeling and dysfunction plays a pivotal role in the pathophysiology of functional TR, inducing a vicious circle of increased volume overload of the RV, leading to further RV dysfunction and worsening of TR. 1 A recent study reported the high prevalence of RV systolic dysfunction in patients with significant TR. 18 In the TriValve registry, a multicenter registry including 106 patients with severe TR referred for novel tricuspid transcatheter devices, RV systolic dysfunction (defined as TAPSE <17 mm) was present in >50% of patients. 18 Detection of RV systolic dysfunction by conventional echocardiography is challenging because of the complex crescent-shaped RV geometry. Our study included conventional assessment of RV function using TAPSE and FAC, which are angle and load dependent, and RV free wall longitudinal strain by STE, which overcomes these limitations. 11 Cardiac magnetic resonance imaging, considered the gold standard for assessment of RV systolic function, showed a superior correlation of RVEF with RV longitudinal strain compared with RV FAC and TAPSE. 19, 20 Similarly, in patients with heart failure, RV longitudinal strain detected subtle RV systolic abnormalities, whereas conventional echocardiographic parameters of RV function were normal. 21 These findings are in line with our study, in which the detection of RV dysfunction by STE (84.9%) was more sensitive than conventional echocardiographic parameters, FAC (48.5%) or TAPSE (71.7%). These findings suggest that RV longitudinal shortening, because of the longitudinal orientation of RV muscle fibers, is the main contributor to global RV function. 22 Moreover, in altered loading conditions related to significant TR, RV longitudinal strain appears the most sensitive marker for RV systolic dysfunction. To avoid potential confounding influence of LV contribution to RV systolic function, we excluded longitudinal strain measurements of the interventricular septum, yielding strain measurements of the RV free wall only, as is recommended in current guidelines. 9 In addition, a low intra-and interobserver variability in the assessment of RV free wall longitudinal strain was demonstrated, in line with earlier studies. ACE indicates angiotensin-converting enzyme; ALAT, alanine aminotransferase; ARB, angiotensin receptor blocker; ASAT, aspartate aminotransferase; COPD, chronic obstructive pulmonary disease; eGFR, estimated glomerular filtration rate; and NYHA, New York Heart Association. 
Prognostic Importance of RV Dysfunction in Severe Functional TR
In current guidelines, tricuspid valve surgery may be considered in those patients with significant TR after previous left-sided valve surgery who develop concomitant RV systolic dysfunction or dilation. However, if severe RV systolic dysfunction is present, tricuspid valve surgery should no longer be considered as postoperative outcomes are disappointing. 2 Despite the widespread consensus that RV systolic dysfunction impacts on longterm outcome of patients with TR, it remains unknown which echocardiographic parameter of RV function most accurately reflects the prognostic risk. RV systolic dysfunction as measured by STE has shown prognostic importance in patients with pulmonary hypertension, [4] [5] [6] patients with reduced LVEF, 23 and patients after myocardial infarction. 24 Furthermore, in various cardiac diseases, 25, 26 the intertwined relationship between RV systolic dysfunction and TR severity confounds which one of these is the main attributor to worse prognosis.
The current study demonstrates the independent association between RV free wall longitudinal strain and all-cause mortality in patients with significant functional TR and the incremental prognostic value of RV free wall longitudinal strain over conventional echocardiographic indices. Finally, as novel percutaneous strategies for the treatment of TR are currently gaining greater momentum, timely detection of RV systolic dysfunction in patients with significant functional TR will become more important in the near future.
Study Limitations
The present study has limitations inherent to its retrospective design. All-cause mortality was chosen as primary end point as the exact cause of death could not be determined in all patients. Furthermore, data from cardiac magnetic resonance or 3-dimensional echocardiography were not available to provide direct comparison of RV systolic function as measured by STE.
Conclusions
In a large number of patients with significant functional TR, the current study shows a higher prevalence of RV systolic dysfunction as assessed with STE than with conventional echocardiographic parameters. Furthermore, RV free wall longitudinal strain was independently associated with all-cause mortality, and its prognostic value was incremental to TAPSE and RV FAC. 
